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IT 7RODUCTIOIN

Cost cstiriating is all too frequently thought of as a necessary

but dull end uninspiring task better performed by persons who are either

irncapabie of', or uninterested in, wrestling with the important and ex-

citing issties of the day. Evpn with the current conckrn I'cr the eco-

no-nuic impl~ications of choice, coat estimatin.g is conly beginning to be

accorded its rightful place -'n the veiinaigprocess. The reasons

for this are owanv', but the most significar.t is probably Just a general

lack of awareness of the potential benefits that are to be realized.

One place where cost estinat-Ing has, in recent years, been allowed to

pity its proper role is in military long-&4nge planm:ing, and the re-

wards have indeed been great. The general philosophy of the military

planner and the :o-cepts and methods of the cost estimator that have

pernitted this to happez. are e'gcuasel iv" the' first part of this Paper.

in the second part, an examtpie of a coat anmlysis in support of a mili-

tary~ planini problem is presented. Ihs- example points up thor fact that

cost estimatirR can be an intellecisl.v stimulating activity worthy

of the application of the best anulytical skills available; and second,

that it con provide useful answera to ifiutand importaot questions

even wnen uncertai.nty is greet and q;iant~ficastion is difficult. Even

though the discussion in this paper is based on a military long-range

planning application~the concepts, meth~ods and techniques that hove

made succesc possible there, have much more general implications. Be-

it'eving thig, the author hopes that this paper will serve to further

Any view~s expreosed in this paper are those of the author. They
should not be interpreted ma reflecting thc views of The R.AND Corpora-
tIon or the officiiI opinion or poUitcy of iany of its governmental or
private research sponsors. Papers are reproduced by The RAND Corpora-
tlin an a courtesy to memblers of its staff.

T1l 'paper contains material. tbat was presented to the Mlanagement
Studiesv Group of The Roy~ei Aerontautlcal Society in June of '967.



the avareness of many, and stimulate some, to actively .ieek vut the.'

imiortanL beneflt to be derived from a less trevd11tttoni epproaUL to

cost esttmating.

PROECT COST EST'1AT!NG FOR MILITARY PLANNING

,-.Apon and support sy -ms, the building block., of thE, military

planner, require long lead times, and the cowntment of subtsrital

quantities of naticnal resources, for their acquisition. The long ieA

times force the planner to focus his activities on . distaIt tmre hor.-

zon arnd, at the same time, permit hi-n to consider L wide range of elter-

natives. Because the resources available to him ire !inited, the plan-

ner may not do all that seems desirable and must therefore make choices

from among the alternatives available. It is in assistii.g him t, r-' ,k"

efficient use of the resources that the cost estimator plays his role.

The efficient allocation oi limited resources among competin oD-

jectives is the problem typically sddressed by the economist, His con-

cern is with the requirements for manpower, for facilities, and for

the raw materials to achieve an objective, as well as wtth the monetary

implications. In supporting the long-range planner the cost esti a tor

takes much the same view. The lck of descriptive det-l!, and the ;.n-

zerteinty typically associated with the dis ant time hoitizon of the

military planner,umake it impossibi.e to use convention,i cost estimating

methods to get at the resource implIcations of the alrernativw . The

process is instead an "analytical' one relying heavily on the use of

highly generaiized estimattng relationshtps based on past experience,

To stress these two points, the terms "resource" and "analysis" are

frequently substituted for "cost" and "estimate."

Even within the context of military planning, resource analysis

may be applied to a broad spectrium of problems and each hcs its own

special impact on the nature of the methods used.

At one end of the spectrum the problem is zo illuminate the re-

source implications of alternate weapon design specifictions and sye-

tem operating characterstics. Such analyses necesataLe "in-depth"

coutideration of a single system and are most frequently used to help

pur together an initial system descipton, This technique is called

"lntra-System" resource analysis.

L



After a preferred configuration how been Identified, the question

.ugically turns to whether the given system is preferred to a number

of others. Here resource anslysis is used to provide information about

the resource implications of each of the alternatives and is referred

to sa "Inter-qystem" resource anal,sis. Rather chan providing an in-

depth analysis of a single syscem, inter-system analybi. concentratea

on isolating those features of each of the alternative systems that

cause the resource req-irements to differ.

it is infrequent that a military planner has as simple a choice

zes tetveen one weapon system and ancther. The more typical case requires

choasing soane number of each, and th' luestion is, then, how msny?

Her,-. the resource analysis problem is to dermine the aggre'~ate re-

soiurce implications of alternative mixes or groups of weapon systems

ard ia c4lled "Total-Force" resource analysis. In this form of ansly-

si.., One way in which the various systems interact with each other aa

they con-pete for available resources is stressed. The objective is to

showv the time-phased, net &-source requirements resulting from the total

force rather than the cost of a single system.

while the form of the analysis influences the specific methods used,

the basic concepts of resource analysis, lirgely determined by the char-

actertatics of long-range planning, are comn to all.

Probably the single most influential characteristic of mil ary

I on.range planning, from the point of view of the resource analyst,

is r~po time horizon, which extends five, tenor o"van fifteen yesa into

thi future. His sights on the future. the planner is freed from many

of the constrainirq influences of the present and consequently is able

to, zrnaider a wide range of alternative ways of accownplishing his objec-

tives. Hwever, the price he pays for this freedom is measured in term

of the difficulty he has in specifying anything definitively, and the

uncortairty with which he must jive.

In rhe last analytis, the nmber and kind of altentaLives the locig-

range n.,orxtr conseider# are "'mited only by his imagination. Alt,.asative

waspon deoaam.s alternative ways of operating a given system, alternative

systema, and alternative forces or mixes of systems, are indicative o~f

the r-ia~sez of altrnatives opeu to t.With the emphasis on making a
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prelimtiary Oelec on of the more promising, from among the many possible

alternatives, it is unlikely that more than the major features of each

will be identified. Prc, sed airraft are typically described by stating

their gross weig!: , speed, number and type of engines, payload, and lit-

tle els- Different~ation between alternative weapi systems is likely

to be in term8 of the distinguishing characteristics of the major hard-

ware items and suggested activity rates alone. Given all Lf this, the

,&_rtainty with which any one of the propoeed alernatives can be ex-

pected to perform as stated is dubious at best. 7his is the environment

in which the essential precepts of rilitpry cost analysis have been

formulated,

CONCEPTS AND ,:THODS OF MILITARY COST ANALYSIS

One of t11e most fundamental concepts of military cost analysis is

that cost estimates are never made for their own sake alone. Such an

estimate is but one of many inputs into Lhe planner's decision process

and has meaning only when viewed toget'her with appropriate measures of

effectiveneas ot utility. Weapon systems, whose utility can be measured,

have become the building blocks of the military planner and consequently

the focus for military cost analysis.

Even though the mjor hardware components uf a weapon system are

typically the most costly, requirements f:r related resources, such as

highly tr#ired personnel or exotic materials when estimated to be in

short su,.ply, may dictate the planner's choice. For this r ason all

of the resources neceeqary to create, install and main' An the complete

weapon system are germane. The concept of total weapon system cost re-

flects this desire for comprehensiveness.

Resources required throughout tho entire life of the weap Sys-

tem must also be considered, including those required for research and

development, for svstem acquisition, and for :stern operation until

While this discussion of military cost analysis is relevant to

aI b)ranch~s of the military, much of the language anu the choice of

Illustrative material reflects the long association of th- rathoi with

tie specific priblems of the U.S. Air Force.



phase-out, Thlis is the concept of total life-cycle, wh-ich sttes that

all of the resources nrcessary to fulfill each of these functions ahkll

be eatimati aud s-parately identified. Because resources committed to

eacti of these plicses in the life of a system bear a different relation-

ship to time and to the number of units uf th weapon system procured,

displaying them separately facilitates greatly thL planne's evaluation.

Resear'h and development costs are relatively independent nf both time

and the number of units eventually procured. System acquisition costs

are also independent of time, but directl; related to the number of

units procured; while operating costs are related to the number of units

procured, and to the anticipated life of the system. Tiis identifica-

tion facilitates distinguishing between those systems with relatively

dff-rent requirements for one-time and recurring costs, and provides

the planner with the ability to approximate the cost of varying the

force size and the number of years of operation.

A planner can always expect to introduce a future weapon system

into an existing military force an? must understand that the weapon se-

lected will be only an augraentation to that force. Consequently, it

is the concept of net additional, or incremental, resource requireewnts

asiociated with making these augmentations th.t is relevant. Sunk costs

and resources - hand are of interest only in that, if available, they

may help to reduce the incremental costs.

Aq it cannot be expected that the total quancity of resources avail-

able will be radically different from ore time period to another, sched-

uling the int.oduction of new systems and the phasing out of old ones

so that relatively even demands for resources are created becomes a

primary job of the planner. To allow his to do this, eatimated of time-

phased costs must be provided as well.

Estimating with absolute accuracy, under conditions of uncertainty,

is recognized as being out of the question. Therefore, the analyst

concentrates on achievlng relative accuracy and treating eschi alterna-

tive consistently.

T'he methods used to make cost estimates are many and varied. There

are instances when eypert opinions and informed JudsOment provide the

only basis for an estimate, and others where moe folrmal methods are
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used. One way of identifying the more formal methods is to divide

them into three categories: statistical method , engin-er'ng methods,

and accounting methods.

The statistical method is to use multiple correlation and regres-

sion analysis to find and describe functional relationships between re-

source requirements and specific elements of system description, such

an weight, speed, activity rates and number of personnel. Historical

data, describing activitCies assumed to be consistent with those pro-

jected for the future, are the basic ingredients of this method.

Though not necessarily so, this metnod is usually applied at a relatively

high level of aggiegation, and to estimating problems involving very ad-

vanced weapon 7ystems.

The essence of the engine-ring method is to break the system, or

item of hardware for which the resource requirements are to be estimated,

down into lower level componentz auch that meaningful conjectures about

'he resource implicnlons of each can be made. Statistical methods are

frequently applied at this lower level of detail, and the results are

then combined with the estimates of the resources required to integrate

the components and the total is obtained. One of the most ueefu' prop-

erties of this method is that it helps ieparate those parts of the prob-

lem that require novel trPatment from those tha. can be dealt with con-

ventionally. A disadvantage is that it frequently leads to underesti-

mating, because inadequate allovance ls wde for the cost of integration.

When it is necessary -hat the engineerlng methcd be used, the statistical

method is often also applied at a more aggregate level of detail to in-

sure against undereatimating.

The accounting methoe relies on the fact that certain factors, or

estimating relationahips, are inherent in the books of account, finan-

cial or oth.~,i&-. Overhead rates, labor rates an- maerial consumption

rates ar- examples. Conceptually, the method is staple, but doas usu-

ally require that estim-tes be made at a relatively lower level of de-

tail than is generally practical. Further, when using the accoucting

method, extrew caution must be exercised to insure that misleading

impressions, resulting from using the relationships out of context, are

not conveyed.
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As iq obious, each of these methods has both advantages and 'Used-

vantages, but, typically, all resource eatinutes prepared use all of

the- in v^-ying proportions. How much, depends on many factors, includ-

ing: the tfi.e available to make the estimate, the preciseness required,

the type of analysis contemplated, the availability of descriptive in-

formation, the form and availability of relevant historical data, and

the extent to which the subject of the estimate is a departure from

past experience. In the last analysis, the selection depends on the

experience and the preference of the individual analyst.

Cost effect'veness analysis, cost-utility analysis, cost benefit

analysis, and systems analysis, each suggest methods for making compari-

sons considering both cost and effectiveness. These analyse8 tak - on

many and varied form,, some mor., satisfactory td1an oth..., snd e1ch has

ita proponent's. The systems analysts have found tvn analytical forms

to be preferred. The first ie called "fixed bu!get" anatysis, and the

second "fixed effectiveness" 4nalysis. Fixed budget analysis assunes

a predetermined bidget and uses it to procure as many units as possible

of each ot the weapon systems to be compared. The effectiveness of each

system,, based ou the nutmber procured, ic estimated nd the system pro-

viding the maximurn effectiveness for the stipulated budget Is preferred.

!le fixet4 effectivenie- analysis starts by assuing a level of effective-

ness and proceeds to examine the cost of achieving it, using each cf

the alternative systems. The least costly alternatLe is pref,.red.

One shortcoving of these approaches is that by arbitraril, selecting

either a budget or a level of effectiveness an inefficient uAe of mar-

ginAl resourcee may be suggested. Only when the relationshir betwen

effectiveness end cost is linear throughout its entire range will this

danger not exist. However, making similar c-oparisons under different

assumpttons about levels of resources or effectiveness insures agaiast

this without greatly complicating the analysis.

C-oat-effectsivreess ratios are frequently used to make comparisons

beceuse of their conciseness, their non-dimnsionality, and their abil-

ity to fit neatly into relattwriy simple analytical mode!. With all

of thase advantage#, however, they should be used with extreme caution.

aost people have difficilty enough undarstnding a cost-effecIveness
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comparisen when either one of the two dimensions is ,--ld constant.

When boti are allowed to vary s' 'taneously, as is the case with any

ratio, the dtfficulties are cow-ounded.

Crucial to a choice among alternative weapon systems is the ques-

tion of relative Qvailability time-wise. Consider t 'e case where an

otherwise preferred alternative is not available for some number of

yeers. If the job must be done sooner, another alternative must be

chosen. Further, having madt_ the choice, the relative raerits of the

'-we alternatives may well look differenc. This point is particular.,

important because in most analyses one of the alternatives is

a continuation of an exiscting weapon system and aiother is a system

that won't be available for ten years.

A COST SENSITIVITY ANALYSIS O AN NTI-SUBMARINE-

LAUNCIED BALLISTIC MISSILE SYSTEM: AN EXAMPLE

Cost sensitivity ar lysls I the cost analyst's most useful t,ol

for dealng with uncertainty. i.: primarv objectvre is to provide a

system designer o a lanner with instght, into tile way system cos-s

are infiuenced by changes in spvcfftcat1,%nq. Kowledge thot the csts

of a system are either senoitive or insensilwiv to ohc value of a par-

ti:ii!ar parew.m ter alut whtich the - is uocerta"rtv car I': t gui.e

the design process by focusia *ttent on on oreas with ptent alv h-gh

pay-offs. f1he prodict of a cost senSitivity ananv,4is i , thore, a

set oi relacinsh-.ps, graphic or otherlisO, t ,at describos thl way rt-

source requirements react to charg~es in aszuripti'ns a.. input vaLWs.

Cost sensitivity oanlysis is most beneficial --hen it Is treated

ra an integral part of the iystem design a;d planning proc, ss. Tlhe

system designer specifie8 a system. The cost analyst determniaas the

rescurce implications of the initial description,. Te, system designer

reacts by changing his speciftcation.g and in this way the process con-

tinues. At no time is the study ealily completed. As ,ne iteration is

finished, questions leading ,o another arc raised, ard a iystematic and

orderly approach to acqulrinS insights is schioved.

With the emphasis on leocrtbinr reletlonship3, ah-olut valuvq are

of cecond-iry interest. Their -,&in u~e i tt ranki ng the alternatives



considerod. T large number of variables and the complexity of the

interrelationships typically fnwolvej require the seros -lvi ty analysts

to be conducted on an incremental learu-ag-yoi-go o)asis. Anythin- more

aml ttous "y ically leads to complete ccnfus.,on. Just how all of this

works will be demonstrated as we proceed to Inv-sciisete somre of toIe re

source implicatiOns of a proposed system for defending the United States

against d submarine-launched ballistic missile attack. It wili be obvi-

ous, as the example unfolds, that as many questio-s are raised as Are

auawered. TIhs is s it should !,; for asking the right question is

often the most difficult and iTportant part of anslysis.

There ark- two logically aeparata and distinct opert ions required

to prepare &n estimare of the cost A a aystem: estimating the require-

ments for physical resources and translating the resource estlmat-,&

into bcatemento of monetary requiiementp. Frequently the cwv are per-

formed simultaneously an- thus !)se their individual identities. This

was not the case, hon:ev, c in toe study that will be 4escribtd. In

fact, rioe most interesting Analytical problems encountered tlvolved re-

smTirce consiieration primarlly, Estimating the x'ne:ory ietuiremeti,

•,nile not a truivial problem. -,aa handled in a r, !atively -tvi xhtfr-

ward faslion and conseque ,tlv is no given exe.,sive treatmnt in this

pape r

~'f~dig 'e i :~ag ii n attsck I rcan a -1ur

launhed bS aI istic "i eS us irc msn -' :,Ircratt armed wi rh .'nti -

T3.4i le M Ii, es and clrev!g nfr- rel de.!ct-on ec'11Mtnt o, radar,

is the major : is-in of 0,'. 4s em analyzed. ,,re Apeclfica! v, it was

assumed teat an aircraf* appro priate Iv equippendnd ;,n -arl over t.ie

ocean, would be able to detect the launching of a bailistic miss', e.

Haling detected toe launch, the :7isiile ' trojectory could be calck.-

1*ted ising ar ou board co mputer, and ar interceptor zis!ie c.uld be

Th s txAmple has also been used in e-3097, Cot ,,nsti~it
Akalyal, A. J. Tenze-, March lqt.5, And as Chapter VIII of the book,
Systems Aralysi for Policy IL tnn , edited by E. S. Quacle and

W. T.kucher, T.e RAND Corpr'rzt0r1 . To be publishtr1.



launched trow the aircraft such that an intercept would be msd2 prior

to the point where the submaLine-launched missile entered the ballistic

phase of its flight path, An sIternate scheme, imposing less stringent

requirements on the interceptor misaile and associated computer, was

also suggested. This was based on allowing rhe tntercept to be Mede

after burnout and thereby increasing ihe time available. A third vari-

ation was predicated on the fact that detecting a launch also provided

informatio)n about the location of the submarine. This being the case,

an anti-submarine missile having the potential of destroying the sub-

rarine aud all remaining missiles could be launched as well. A mixed

system rasultedo

Estimates of the lead times required for obtaining a decision to

go ahead, to accow-lish the necessary research and development, and to

produce and install the -quipment indicated that none of the ;roposed

systems could be fully operational in less than t,n yeais, thus fixing

the planning time horiton.

A token operational plan was also sugg-1ted. It was assumed that

the aircraft would k) deple-ed around the perimA.er of the country on

air bases already in existence. It was recognized that the feasibility

of this would depend on che t-tal nuher of aircraft invo.ved and on

the availability of air baspi; therefore, verifying this was made a

specific obJe~ttve of the anselysis, Having no indication that one part

of the country would be more vulnerable to attack than another, it was

decided that a uniform coverage of the entire perimeter would be neces-

sary and alternate ways of accomPlishing this were suggested. One re-

qu4red maintaining enough aircraft continuously airborne in specified

locations to cover the entire area at all times. Another, assumed to

be leo expensive, required keeping most of the aircraft on the grourd

to be launched only when an alert was required. Still other variations,

including providing complete coverage on a r-adomly selected basis,

were considered and aw lyzed. However, most of the analytical work

described in this paper Is based on providing continuous and complete

oirborne coverage.

Various fti~ht plena for the patrol aircraft were considered.

One, is shown in Fig. 1, was to have Lhe aircraft 'eke off from its
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base, fly to the specified patrol area, and remain on patrol until it has

only enough, fL-! remaining to return to its bose. Continuous coverag.

would be provided by sc Juling a second aircraft to a.ive on stat' n

ei the first departs. Another possibility suggested was to fly a num-

ber of aircraft spaced at intervals around a closed course such -hat

complete and continuous coverage of a specified area would be achieved,

Other variations were considered as well, but these two received most

-f the attention.

Anticipating that the cost of the system would be sensitive to

the total number of aircraft required, the size of the area to hP pa-

trolled and the contribution of each aircraft become key considerations.

-Assuming that the entire perimeter of the country had to be protect 2d,

the area became a direct function of the necessary off-shore distance,

which was entirely dependent on predictions of the range of the enemy

missiles. As such predictions were extremely uncertain, off-shore dis-

tance was treated as a ;ariable in the cost sensitivity analysis. The

contribution of en individual aircraft would be largely determined by

the range of the airborne detection equipment and the speed of the in-

terceptor raissile. As neitnler of these items had yet undergone prelim-

inary design, their characteristics were also uncertain and treated as

variables.

The choice of an aircraft for the missioa seemed obvious. Al!

that appeared to be required was a relatively unsophisticated aircraft

capable of keeping a large payload airborne for extended periods of

time. Attention focused on transport aircraft In general, and on the

KC-135 strategic tanker in particular. This aircraft not only had the

desired characteristics, but was scheduled for phase-out at about the

same time these requirements would be generated, thus making it avail.-

able, and a free resource. For these ieasons it appearea to be too

good a possibility to pass up. Fortunately, the coat analyst took it

upon himself to examine some other possibilities as well, and the re-

sults were among the more important contributions of the cost sensitiv-*I
ity analysis.

Considerably more at ntfon than has been indicated was paid to
mnny other elements of the system. 1his waS partIcudLcliy true of the
apecifications of the interceptor micile and related airborne equip-
ment. However, as those details are not essential to thi3 presentation
they have been omitted.



Mwe above description is quite typical and, if anything, suggests

tile availability of more informaticn than is usually provided. It also

reflects many of the questions confronting the planner whose main con-

cern is with either discarding the proposed system completely, or with

selecting that variant that seems, within the resource constraints, to

promise the highest probability of success. How the cost analyst, using

cost sensiti 'ty analysis, can help him to make the necessary decisions

will be illustrated.

The cost analyst worked closely with the system designer to formu-

late th- dr.Liininary descripLion of the system and during that time

e ned the impressions that guided his structuring oi an analytical

model. Any model, to be useful, must abstract the complications of

reality. Those elements about which information is sought must be high-

lighted, while others are played down. In that respect, the structuring

of the model largely determines the informational output of the analy-

sis, and therefore places significant demands on the experience, the

Judgment, and the technical skill of the analyst.

As the system for providing continuous coverage from a fixed orbit

point was conceptullr the simplest, and was sufficiently representa-

tive of the suggestel variations, it was selected for modeling. Treat-

ing each of the indlvidual air bases that might eventually be required

was also considered an unnecessary sophistication, and the concept of

using a single generalized or typical air base was adopted.

The notion of a sortie-cycle, identifying all of the time spent

by a representative aircraft performing the functions required by the

mission, provided the underlying structure for th, resource model.

This cycle, shown schematically in Fig. 2, begins w.ith the aircraft at

the end of the runway awaiting take-off, and ends with the same. aircraft

once more in the same position. The individual segments of tbh cycle

indicate those operations, each time-consuming, that are essential to

the accouiplishment of the mission. :eperating the airborne and the

ground activities, as indicated in Fig. 2, makes the utility of the

Psrtie-cycle apparent and suggests some interesting analytical possi-

bilities. The proportion of the time that each aircraft is airborne,

and etfective on station., provides a direct indication of the total
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02 flying hours effective on
station

Sp a flying hjurs from 
03 flY109 hours from/A. / base to station ain or from

/54 b " .,AIRBORNE TIME

q =hrs. ;n unscheduled % 4k hs. wait-ingmaintenance }%.
GROUND TIME

k4  hrs. in maintenance scheduled k2  . to 'nAfF load
on a sortie basis & aircraft service

g3 -hrs. in maintenance scheduied
on a flyvng hu!,

Fig. 2-The ortie -cycle
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number of strcraft required to perform the mission. For %xaople, if

ten airzaft were required on statiL'i continuoualy and each ai,.-raft

*pent o-i-third of its time there, a ree-irement for a total of 30 air-

craft would exist. Alternately, if each aircraft spent half of its

time on station, the requirement would be for 20. This agSests that

a major conceris of .he analysis should be vch those elements of the

system that Influence this proportion. Deployment (which influences

the time spent going and coming), aircraft endurance (which governs

the total time aipent in the air), the number of shifts during which

maintenance is performed (which affects the time spent on the ground),

and the over-I! scheduling of the activities, are all possible candf.dates.

Obviously, aome of the 4ctivities included in the sortia-cycle

are interrelar.d, as are airborne time and mainten~nce scheduled on the

basis of flyitg hours. Structuring the model, therefore, requires that

these interrelationships be made explicit. In somewhat simplified

form this was accomplished as foil-o". Using the symbols iaJ .,Ated in

Fig. 2, tae sortle-cycle was deitned, mathematically, as tne sum of

its individual parts.

S " I + a2 4 a 3 + k 1 k2 + g3 + k4 +g 5  ()

where S - total cycie time

a1 - flying tim from base to station

s2 M flying time effective on station

a M flying time from station to base

k1 . time "t'.ting (an indication of inefficient scheduling)

k2 = time required to on/off-load and service the airceit

83 - time spent performing maintenance scheduled on the basis

of iccumulated flying fours

k 4  time spent performing maintenance scheduled for accomp-

lishment each sort,- and inder- dent of sccamlated

flying hours

g5 time spent performing unscheduled maintenance.
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Including the maintenance which needs to be carried out after more

flying hours than are generatee during a single sortie, -3 required

a slight departure from reality. When, for example, an inspection was

required after each 600 flying hours and each sortie contributed 60,

one-tenth of the total time necessary to perform the inspection was

identified to each sortie. Further, so that the time related to the

performance of the inspection -nuld vary properly with changes ia sor-

tie length, the variable g3 was expressed as follows:

&3 a k 3 (aI + a2 + a3)

where k - factor applied to total flying hours,
3

(a1 + a2 + a 3 ) t total flyIng hours accumulated each sortie-cycle.1 2 3

Experience has shown that the requirements for unscheduled main-

tenance are more clot-ly rcelated to the accomplishment of unscheduled

maintenance than to anything else. To reflect this relationship, the

variable g5 was expressed as a function of the variables g3 and k,.

5 .k5(g3 + k4 )

here k5 
= factor applied to total scheduled maintenance.

When equaton (1) was cxpanded to include the expressions for g3

and g5 and appropriate simplifications were made, the following equa-

tion resulted:

S . (aI + a 2 + a3)(1 + 3 + k5 )  ++ k2 ++ k4k (2)

To use equatior (2) to determine the number of aircraft, the pro-

portion of the time each aircraft spends on station was defined symbol-

ically as

a2
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and when the number of aircraft required on station n is given, the

total requirement N may be calculated at follows:

N = n(S/¢2).

However, a more useful expression results when the expanded defi-

nition of the oortie-cycle (equation (2)) is used in place of S. Making

this change the model for estimating the total number of aircraft re-

quired becomes

N (n/a2 ) [(ar + a2 4 a3)(l + k3 + k3k5 ) + k1 + k2 + k4 + k4k5 ]. (3)

As will be shown, this relatively simple relationship can provide

considerable irformation about the resource implications of some of the

difficult qvastions raised earlier.

The equation, or model, just described was but one of many that

were included in the larger model which was actually used. The require-

ments for perscnnel., t'e cost of purchasing aircraft and missiles, the

cost of air base construction, and the cost of supplies and services,

are examples of 2".e other items that were treated in similar fashion.

A better notion cf -e comprehensiveness and complexity of the totel

model can be obtained from viewing the sample output form shown in Ap-

pendix A. However, inasmuch as the sensitivity analyses performed with

the aircraft r:ydel alone illustrate quite well those conducted with the

larger mo,"l, they have beeft selected for further discussion here,

Even though the KC-135 had much to recommend it, you will remember

that the cost analyst had some reservations which, as it evolved, were

based largely on a judgment about the importance of aircraft endurance.

Because the number of aircraft required largely determined the svs-

tem cost, the aircraft model (equation (2)) was used to investigate

the relationship between endurance and the number of aircraft. The

first step in the analysis was to highlight the desired relationship

by restructuring the model Alightly. The variable e, representing

the aircraft endurance, was substituted for the sum of the term.i

a, a2 and a3. However, to maintain the identity of a, the
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time effective on station, the sum of a1 and a3 was set eqtal to the
constant Ko, and a2 became e - K . Further, as their values . Ild be

0

unaffected by changes in indurance, k, k2  - k5 were cobine: ap-

propriately and represened by constants: K I was substituted t r the
sum of 1, k3 and k3ks; and K was substituted for the sum of kP, k2,

k4 and k4 k The equation was then rewritten

nK1 e + nK2
N - -K (4)

0

It can be seen tikt K 1 represents the time required to be spent

on the ground, that is, dependent on the flying hours, increased by

one; K2 reflects that ground time related only cc the accorplishment

of a sortie:and K is the time spent in the air both going to and re-0

turning from the xtation. Ne could see from eqjation (4) that as the

endurance e approached the value of K0 , a requirement for an !nfinite

number of aircraft was implied which meant that an aircraft had to

have at least enough endurance to go and return from the station, The

effect of -ary long endurance was shown by recasting equation (4) as

follows:

1 e nK2
e-K e-K

0 0

It was seen that when e was allowed tO beccme infinitely large,

the equation became essentially

N - - ,.

Those activities, K-, which are related oniy to the accomplishment of

the sortie, become insignificant as the endurance becomes Large, and

are therefcre conveniently assumed to be zero. This says that at least

enough aircraft to cover both the on-station requirements (n), and the

ground requirements generated by flying hours are necessary. All of

this suggest.3 that the number of aircraft required is indeed sens!-

tive to the endurance and that in general the longer the endurance.

the fever the number of aircraft reqc'-ed.

I
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After thi preliminary examination, endurances representative of

a range of candidate aircraft and the appropriate values fur the equa-

tion constants were used to solve equation (4) and the results are

shown graphically in Fig 3. As was expected, the shorter the endurance,

the larger the number of aircraft requ'rcd. More important, however,

the curve implied that for relatively short endurance aircraft, the ex-

act endurance was critical, while the same was not true for longer en-

durance eircraft. Further, the gains to be achieved by extending en-

duvance decrease rapidly with successive inTcrements of endurance.

Indications were that an aircraft with an endurance falling juot to the

-ight of the inflection in the curve would be desirable.

To tie thesc ge~eralities to something more spccific, the cost ana-

l at carried out the research that resulted iL- the information shown

in Fig. 4. It was pointed out that endurances representing the KC-135

and other cu:rent Jet transports were typical of those shown on the

lowei end of the endurance scale. An indicetion of the problems asso-

ciated with obLlining aircraft with more endurance was also provided.

.t was pcinted cut that the first, and apparently most valuable, incrc-

ment of endurance could be achieved by dcveloping and building a new

Long 2ndurance Aircraft (LEA). No state-of-the-art problems were an-

ticipated. Further, the endurance of the LEA could be increased simply

by making it Iarger. However, if still more endurance was sought, a

coplete research and development program involving r-vel innovattons

such as laminar flow control and regenerative engines would be required.

Some of the characteri.tics of the giound operation that infiu-

enced the requirement for aircraft were exam ined next. First, th> im-

plicaticne of scheduling maintenance on a r1-und-the-clock ba. is rather

tl'an an 8-hour day were inveAtigated. Since the calculat4,-: Cade thus

far were based on single shift maintenance, the impact oi aidlrg a sec-

ond and third shift can be shown by repear1. the caicuistions with

different values *ssigned to the varlables or the equa&!,,c that reflect

the time required to perfnrm maintenance k, And k,. Thi were doubled

and tripled in turn wi*1 tle results shown 1n Fig. 5. TIhe essential

point of this presentation was that if relatively shc-r: endurance air-

craft vare used, the gains to be achieved by avitchin- t. m ulti-shift
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maintenance were signlficnt. On the other hand, as aircraft endurance

was increased the gains were decreased. This relationship is illus-

trated in Fig. 6.

Following this, the amount of tine required to on/off-load the air-

craft was assumed to be alternately double, and half, the amount as-

sumed thus far, and the results are shown in Fig. 7. The percentage

of the fleet effective on station at any time has now bwen uaed as the

dependent variable, instead of the total number of aircraft. Figure 7

conveys much the same information as did Figs. 5 and 6. When relatively

short endurance aircraft ere used, any reductions in the amount of time

spent on the ground yield significant savings. However, as the endur-

ance of the aircraft becomes larger, the savings to be realized become

smaller.

The next stage was to analyze the impact of changes in the time

requi-id for an aircraft to make the round trip from base to station,

and the results are shown in Fig. 8. These curves are similar to the

one shown in Fig. 3; h,wAever, it may be noticed that as the round trip

time becomes longer, the minimum endurance required becomes greater,

which indicates that there may be cases where the minimum endurance re-

quired is sufficiently high to eliminaLe some aircraft from considera-

tion. It once again qppears, however, that if an aircraft with long

enough endurance is available, the round trip time is of little concern.

The time -equired for the round trip can be viewed as a proxy for a

number of other system variables--the off-shore distance, the location

of the bases, and the speed of the aircraft. As will be remembered

from the earlier discussion, there was considerable uncertainty associ-

ated with each of these.

If one were to r capitulate at this point, the conclusion would

probably be that the choice of the KC-135 was not a good one. Consid-

erable uncertainty exists with respect to a nmber of the system param-

eters and a long endurance aircraft promises to provide substantial

insurance against unfavorable outcomes. However, all the indications

seem to point to a relatively small long-endurance aircraft. It is im-

portant to collect one's thoughts as above, but it is equally important

not to be too easily influenced as should become evident.
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An area of uncertainty not yet mentioned has to .1o with enemy tac-

tics. The whole idea of providing uniform coverage of a pre-determined

area assumes implicitly that the enemy submarine force will be deployed

similarly. No provision has been made to counter a tactic of "wolf-

yacking" or otherwise saturating a particular section of the defense

zone. There were a number of ways suggested for doing this. One was

to put more than one aircraft on each stations and another was to pro-

vide each aircraft with the capability of handling more than one sub-

marine at a time. The latter seemed the more interesting of the two,

but had significant implications regarding the payload requirement for

the individual aircraft. These implications are pursued in the follow-

ing illustration.

It was recognized that there would be some flexibility wih respect

to the allocation, between fuel and payload, of the weight carried by

the aircraft. It was further suspected that the extent of this flkxi-

bility was very much related to the particular aircraft selected. to

provide some insights into this relationship, it was decided to estimate

the cost of keeping one million pounds of payload continuously airborne

using aircraft typical of each of four general classes and allowing

for a substitution of fuel for payload and vice versa.

The general form of the result, for a single class of aircraft,

can be anticipated. Consider the case where all but a very small part

of the allowable weight has been given over to fuel. The endurance

wouid be at a maximum which, as has already been demonstrzted, tends

to reduce the number of aircraft required. However, as the task stip-

ulated in t- maintain one million pound. of payload continuously air-

borne, and each ,ircraft carries a s1iall payload, a large number of

aircraft are required. It is obvious that al'.-ving more payload per

aircraft will reduce the number required. The other extreme where

essentially all of the weight is allocated to payload, creates an equally

unreasottable alternative. With only a small amount of fuel, the endur-

ance becomes very small, thus requiring many aircraft independent of

payload per aircraft. For these :Tosons, the cost versus payload

The four gewLal classes are: Current Jet Aircraft, Small Long-
Endurance Aircraft, Lacge Long-Endurance Aircraft, ,nd TIarge Long-
Endurance Aircraft with RD.
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relationship is typified by a curve reflecting a minimum cost at some

middle value for payload and high costs for payloads much above or be-

low that value.

Equa 'on (4) was modifted to include the relationship between payload

and endurance, and to translate t' number of aircraft into a total 5-year

system cost. For simplicity's sa1e, a linear relationship between pay-

load and endurance for a given aircraft was assumed. Also, total sys-

tem cost was estimated strictly as a function of the number of aircraft

required. These relationships and the revised mcdel are shown below.

e v+ qn

where e - the endurance of an individual aircraft

p - the payload

y and o - the equation parameters

And

C - R + N(I + 5A)

where C - the total system cost

R - research and development cost

I - the investment cost per aircraft

A - the annual cost per aircraift

N - the number of aircraft required.

When the total payload to be maintained airborne was identified

as P And the above expressions were combined with the expression for

determining the number of aircraft (equation (4)), the model used for

this evaluation was

C .[PKl cvp + PK I Y + PK 2 +
C + V p2 + +(__.L 1 - [i + 5AX, (5)

OP2 + (- K .)
.here P - n p total payload on station.

When p was assigned, a range of values peculiar to the particular

class of aircraft and the travel tim K 0as alloyed to very between
o

two and eight hours, the results shown in Fig. 9 were obtained.

I.i
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The most striking feature of the -urves shown was observed to be

the additional loading flexibility achievable with the long-endurance

aircraft, for what appeared to be lets thait the cost of the current jet

aircraft. Further. if this flexibility were desirable, going to a

larger rather than a smasler long-endurance aircraft -,ms suggested as

the differences in cost were slignt. Thebe cuvves further demonstrate

the relative sensitivity to travel time exhibited by each of the dif-

ferent types of aircraft.

As the Etudy progressed, more questions about still further fea-

tures of the system were raised, and each led to more analysis. No.-

ever, while the subject matter of concern changed, the basic analytical

methods used were similar, ard detailing them here would not further

the objectives of this discussion.

Much of what has been described must appear quite similar to con-

ventional operations research. There are differences, however, and

Lhey are significant. Most of these follow directly from the subject

matter and the environment of the analysis; the extent to which alter-

natives can be described and objectives defired. In operations re-

deerch, it is usu"t to have relatively well-defined means and objectives,

and consequently using appropriate anulyt-cal methods optimal volutions

can be found. In long-range planning this is seldom the case, and the

best that analysis can do is to indicate that, given certain assump-

tions, one alternative is preferred to another. Foc long-range plan-

ning it is typical that major policy issues are at stake and quantita-

tive analymis provides but one i'vut into the decision orocess and not

always the deciding one. The polJical and social implications are

frequently overriding. For these resions, resource analysis aims at

illuminating issues rather than opt'mai solutions. One way the tw an-

alytical approaches have been described is: Analysis for long-range

plann. g provides the initial filtering of a wi~e range of Ill-defined

aIternatives, and by so doing identifies those which should become the

subjects of moie detailed analyses (operations research).
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Appendix III
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